We examined the genetic association between blood pressure (BP) responses to dietary sodium and potassium intervention and to cold pressor test (CPT) in a large family-based dietary feeding study. The dietary intervention and CPT were conducted among 1906 participants in rural China. The dietary intervention included three 7-day periods of low-sodium feeding (51.3 mmol per day), highsodium feeding (307.8 mmol per day) and high-sodium feeding plus potassium supplementation (60 mmol per day). BP responses to high-sodium intervention had strong genetic correlations (q G ) with both BP responses to low sodium (q G ¼ À0.43 to À0.54, P-values ¼ 0.0005 to 0.03) and to potassium supplementation (q G ¼ À0.41 to À0.49, P-values ¼ 0.001 to 0.005) interventions. Most environmental correlations between BP responses to various dietary interventions were significant. The q G between BP responses to CPT and to high-sodium intervention and potassium supplementation were statistically significant. For example, the q G between maximum BP responses to CPT and BP responses to high-sodium intervention was 0.37 (P ¼ 0.006) for systolic BP (SBP) and 0.41 (P ¼ 0.002) for diastolic BP (DBP). The q G between maximum BP responses to CPT and BP responses to potassium intervention was À0.42 (P ¼ 0.001) for SBP and À0.46 (P ¼ 0.001) for SBP. Our study suggests that there are common genetic determinants that influence BP responses to dietary sodium and potassium interventions and to CPT.
Introduction
Hypertension is a complex disorder influenced by genetic and environmental factors and their interactions. 1 It has been established that blood pressure (BP) levels are heritable with the proportion of variance explained by genetic factors ranging from 20 to 50%. [2] [3] [4] Low dietary sodium intake and high potassium intake have been documented as an effective approach for the prevention and treatment of hypertension in clinical trials. 1, 5, 6 However, BP responses to dietary sodium and potassium intake vary among individuals. [7] [8] [9] The variation in sodium or potassium sensitivity of BP might be partially determined by an individual's genetic predisposition. [10] [11] [12] [13] BP responses to cold pressor test (CPT) have been documented to predict subsequent risk of hypertension in normotensive persons. [14] [15] [16] Twin studies and pedigree studies have shown evidence for a genetic component of BP responses to CPT. 17, 18 A recent study reported that BP responses to the CPT were significantly related to BP responses to dietary sodium and potassium intervention in the Chinese population. 19 The genetic correlations between BP responses to CPT and to dietary sodium and potassium intake, however, have not been studied. Specifically, it is not clear whether the association between BP responses to CPT and to dietary sodium and potassium intake are because of the shared genetic determinants or shared environmental factors or both.
The Genetic Epidemiology Network of Salt Sensitivity (GenSalt, see Appendix), a family-based dietary feeding study, 20 provides an unique opportunity to address the genetic and environmental correlations between BP responses to dietary sodium and potassium interventions and to CPT in a Chinese population.
Methods

Study participants
The GenSalt study was conducted in a Han Chinese population in rural areas of northern China from October 2003 to July 2005. 20 A community-based BP screening was conducted among persons aged 18-60 years in the study villages to identify the potential probands and their families for the study. Those with a mean systolic BP (SBP) between 130-160 mmHg and/or a diastolic BP (DBP) between 85-00 mmHg and no use of antihypertensive medications and their spouses, siblings and offspring were recruited for the CPT and dietary intervention. Detailed eligibility criteria for the probands and siblings/spouses/offspring have been presented elsewhere. 20 Individuals who had stage-2 hypertension, secondary hypertension, a history of clinical cardiovascular disease, diabetes or chronic kidney disease, used antihypertensive medications, or were pregnant, heavy alcohol drinkers or currently on a low-sodium diet were excluded from the study. Overall, 1906 subjects from 637 Han Chinese families took part in the dietary intervention. Of them, 1748 completed the entire dietary intervention and CPT and were included in this analysis. Family relationships were verified using genomewide microsatellite data.
Institutional Review Boards at all of the participating institutions approved the GenSalt study. Written informed consents for the baseline observation and for the intervention programmme were obtained from each participant.
Data collection
A standard questionnaire was administered by a trained staff member to collect information on family structure, demographic characteristics, personal and family medical history, and lifestyle risk factors. Body weight, height and waist circumference were measured twice in light indoor clothing without shoes during the baseline examination. Body mass index was calculated as kilograms per metres squared (kg m -2 ). Three BP measurements were obtained at each clinical visit by trained and certified observers according to a common protocol adapted from procedures recommended by the American Heart Association. 21 BP was measured with the participant in the sitting position after 5 min of rest. In addition, participants were advised to avoid alcohol, cigarette smoking, coffee/tea and exercise for at least 30 min before their BP measurement were taken. A random zero sphygmomanometer was used, and one of the four cuff sizes (paediatric, regular adult, large or thigh) was chosen on the basis of the circumference of the participant's arm. BP was measured each morning of the 3-day baseline observation, and on days 5, 6 and 7 of each intervention period by the same BP technician using the same sphygmomanometer to avoid inter-observation variation. All BP observers were blinded to the dietary intervention.
Cold pressor test
The CPT was conducted during the baseline examination of the GenSalt study (Figure 1 ). After the participant had remained sitting for 20 min, three BP measurements were obtained using a standard mercury sphygmomanometer before the ice water immersion. Then, the participant immersed their left hand in the ice water bath (3-5 1C) to just above the wrist for 1 min. BP measurements at 0, 1, 2 and 4 min were obtained using a standard mercury sphygmomanometer after the left hand had been removed from the ice water bath. The CPT was well tolerated in all subjects and no side effects were reported.
Dietary intervention
The intervention participants received a low-sodium diet (3 g of salt or 51.3 mmol. of sodium per day) for 7 days. Then, they received a high-sodium diet (18 g of salt or 307.8 mmol of sodium per day) for 7 days. During the first two intervention phases, potassium intake remained unchanged. In the final week, the participants maintained a high-sodium diet and took a 60 mmol potassium (potassium chloride) supplement. All foods were cooked without salt, and pre-packaged salt was added to the individual study participant's meal, as specified in the protocol, when it was served by the study staff. To ensure study participant's compliance to the intervention programmme, they were required to have their breakfast, lunch and dinner at the study kitchen under supervision of the study staff during the entire study period. Food consumption of study participants was carefully recorded at each meal by Figure 1 Cold pressor test and dietary low-sodium, high-sodium and high-sodium plus potassium-supplementation interventions in the GenSalt study. Genetic correlation of BP Responses H Mei et al study staff members. The study participants were instructed to avoid consuming any foods that were not provided by the study. In addition, three timed urinary specimens were collected at baseline and in each phase of intervention to monitor participant's compliance to dietary sodium and potassium intake. The results from the 24 h urinary excretions of sodium and potassium showed excellent compliance with the study diet: the mean (standard deviation) 24 h urinary excretions of sodium and potassium were 242.4 (66.7) mmol and 36.9 (9.6) mmol at baseline, 47.5 (16.0) and 31.4 (7.7) during low-sodium intervention, 244.3 (37.7) and 35.7 (7.5) during the high-sodium intervention, and 251.9 (36.9) and 77.3 (12.6) during the potassium intervention, respectively.
Statistical analyses
BP levels at baseline and during intervention were calculated as the average of nine measurements from three clinical visits during the 3-day baseline observation or on days 5, 6 and 7 of each intervention period. Mean arterial pressure ¼ DBP þ (SBPÀDBP)/3. BP responses to dietary interventions were defined as follows: BP response to low-sodium intervention ¼ BP at low sodiumÀBP at baseline; BP response to high-sodium intervention ¼ BP at high sodiumÀBP at low sodium and BP response to potassium supplement ¼ BP at high sodium and potassium supplementationÀBP at high sodium.
In addition, the baseline BP for CPT was calculated as the mean of three BP measures before the ice water immersion. BP responses to CPT, including the maximum BP response, BP response at 0 min, and area under curve above baseline BP were calculated. Responses at 0 min is the difference between BP at 0 min and baseline BP; and maximum response is the largest BP difference between BP at any of the four CPT tested time points and baseline BP. Area under curve was defined as the difference between the area under the response curve and the area below baseline and calculated by first subtracting baseline from all subsequent measurements before calculating the area. The area under curve of BP response to CPT summarizes the magnitude of BP increase (from baseline to 0 min) and its recovery from peak to baseline (from 0 to 4 min) during the CPT. The maximum BP responses and BP responses at 0 min are the same for the majority of participants because maximum change in BP was achieved at 0 min among over 80% of participants. The average BP returned to baseline level 4 min after the end of ice water immersion in the GenSalt study. 22 The BP data were adjusted for the effects of age and BP examination room temperature separately within sex generation field center groups. In brief, each BP measure was regressed on the covariates in a stepwise manner, and only significant terms (0.05 a-level) were retained. The residual variance was also examined (that is, heteroscedasticity) by regressing the squared residual from the first regression on the same covariates (stepwise) and retaining significant terms. The final adjusted phenotype was computed as the residual from the first regression, divided by the square root of the predicted score from the second regression. A final standardisation step was taken to ensure a mean of 0 and an s.d. of 1. These adjusted and standardized scores were used as the analysis phenotypes.
We performed a bivariate analysis to estimate the correlations of genetic components using SOLAR. 23 For a pair of traits, y1 and y2, with heritabilities h12 and h22, respectively, their correlation (r) can be decomposed into the genetic correlation (r g ) and the environment correlation (r e ) according to the following mathematical formula:
Genetic and environment correlations measure the common genetic and environment effects on a pair of traits, respectively. We tested the null hypothesis r G ¼ 0 (genetic independence) versus H 1 : r G a0 (genetic correlation) to infer correlated or shared genetic effects (reject H 0 ), and tested the null hypothesis of r G ¼ 1 or -1 (complete genetic pleiotropy) versus H 1 : r G a1 (and À1; incomplete genetic pleiotropy) to infer independent or non-shared genetic effects (reject H 0 ). We tested H 0 : r E ¼ 0 versus H 1 : r E a0 for correlated or shared environment effects. P-value o 0.05 is considered significant.
Results
The 1748 participants who completed all dietary interventions and the CPT consisted of 620 probands, 888 siblings, 183 offsprings and 57 spouses from 619 families. Their baseline characteristics and unadjusted BP responses to CPT and dietary interventions are summarized in Table 1 . As expected, BP decreased from baseline to low-sodium intervention and from high sodium to potassium supplementation but increased from low-sodium to highsodium intervention. After adjusting for covariates, genetic (r G ) and environmental (r E ) correlation between BP responses to dietary interventions and baseline BP are presented in Table 2 . The genetic correlation between BP responses to low sodium, to high sodium and to potassium supplementation and baseline BP levels varied from À0.08 to 0.31, 0.14 to 0.28 and À0.15 to À0.004, respectively, with all P-values o0.05 for H 0 : r G ¼ 0 and all P-value p0.004 for H 0 : r G ¼ 1 (or À1). All environmental correlations between BP responses to dietary interventions and baseline BP (r E ¼ À0.63 to 0.16) were statistically significant (all Pp0.05), except for DBP responses to high-sodium intervention and baseline DBP (r E ¼ 0.03, P ¼ 0.58).
BP responses to low-sodium intervention had significant, negative genetic correlations (r G ¼ À0.43 to À0.58) with BP responses to high-sodium intervention (all Pp0.03 for H 0 : r G ¼ 0 and all Pp4EÀ4 for H 0 : r G ¼ À1) ( Table 2) . BP responses to lowsodium and high-sodium interventions also had significant environmental correlations (r E ¼ À0.40 to À0.48, all Pp2EÀ12). Significant genetic and environmental correlations were also observed between BP responses to high-sodium intervention and to potassium supplement with negative genetic correlations between À0.49 to À0.41 (all Pp0.005) and environmental correlations between À0.48 and À0.43 (all Pp9EÀ13). However, BP responses to low-sodium intervention and to potassium supplement did not have significant genetic correlations (r G ¼ À0.02 to 0.18). The environmental correlation of SBP responses to low-sodium intervention and potassium supplementation was significant (r E ¼ 0.17, P ¼ 0.001). Table 3 shows the genetic and environmental correlations between BP responses to dietary interventions and to CPT. Estimates of genetic correlations between BP responses to low-sodium intervention and to CPT were not significantly different from 0 but were significantly different from 1 to À1, and estimates of environmental correlation were not significantly different from 0. The genetic correlations between BP responses to high-sodium intervention and to CPT were significantly differed from 0 (r G ¼ 0.37 to 0.46, all Po0.02) and 1 (all Po0.0004) except for SBP responses to high-sodium intervention and area under curve of SBP responses to CPT. The environmental correlations between DBP responses to high sodium and to CPT at time 0 or maximum responses were significant, r E ¼ À0.16 (P ¼ 0.006) and r E ¼ À0.14 (P ¼ 0.02), respectively. The genetic correlations between BP responses to potassium supplementation and to CPT were significantly different from 0 (r G ¼ À0.52 to À0.35, all Po0.045) and À1 (all Po0.006), whereas environmental correlations were significant only for DBP (all Pp0.02). 
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Discussion This large family-based feeding study contributes to our understanding of the genetic correlations of BP responses to CPT and to dietary sodium and potassium interventions. First, our study indicated that baseline BP and BP responses to dietary sodium and potassium intervention do not share the same genetic determinants. On the other hand, they share the same environmental factors. In addition, BP responses to high-sodium and low-sodium interventions as well as BP responses to high-sodium intervention and potassium supplementation share some of the same genetic and environmental factors. Finally, both BP responses to high-sodium intervention and to potassium-supplementation interventions share some genetic determinants with BP responses to CPT. These findings can help the effort to identify genes underlying BP regulation. To our knowledge, this study is the first to report genetic and environmental correlations between BP responses to dietary sodium and potassium interventions and between BP responses to dietary interventions and CPT. These findings are noteworthy because they are based on a large, wellcontrolled dietary feeding study. All participants were living in rural areas of China with relatively homogeneous environments for many generations. Compliance to dietary intervention and to the CPT was excellent. Careful measures of study and outcome variables allowed for precise estimation of the association, and potential confounding effects were measured and adjusted in our study.
Heritability of usual BP was estimated from 0.18 to 0.68 for SBP and 0.08 to 0.81 for DBP in varied populations. 3, 13, [24] [25] [26] A family study in AfricanAmericans showed that heritability estimates of SBP, DBP and mean arterial pressure responses to intravenous sodium loading were 0.26-0.74, 0.004-0.24 and 0.26-0.84, respectively. 27 In our study, the heritabilities of BP responses to low sodium were 0.20, 0.21 and 0.23; to high sodium were 0.22, 0.33 and 0.33; and to potassium supplementation were 0.24, 0.21 and 0.25 for SBP, DBP and mean arterial pressure, respectively. 13 Our analysis here indicated that there were no significantly A positive association of BP with sodium intake and negative association of BP with potassium intake were observed in Chinese 28, 29 and other populations. 6, [30] [31] [32] It was also suggested that dietary potassium intake could affect BP salt sensitivity. 33 Our results suggested BP responses to low sodium and to high sodium shared the same genetic factors and the genetic effects were observed as incomplete pleiotropy. The same conclusion, shared genetic factors with incomplete pleitropic effects, can also be inferred for BP responses to high sodium and to potassium supplementation interventions. On the other hand, the small and non-significant genetic correlation between BP response to low-sodium intervention and to potassium supplementation indicated that different gene sets are mainly involved in regulating BP responses to low-sodium and potassium-supplementation interventions. Findings of significant genetic correlations indicated that common gene sets from the same pathway are involved in BP responses to low-sodium and high-sodium interventions or high-sodium and potassium-supplementation interventions. For example, the renin-angiotensin-aldosterone system and sodium/potassium transporters are involved in electrolyte and BP regulation. Genetic variants in these pathways have been associated with BP responses to dietary sodium and potassium intake. 34 Rejection of complete pleiotropy (that is, r G a1 and À1) indicates that BP responses to sodium and potassium intervention have their specific physiological pathways. Shared environment factors were observed between BP responses to low sodium and high sodium and between BP responses to high sodium and potassium supplementation, which indicates common environment factors having important roles in the association between BP responses to sodium and potassium interventions. By decomposing correlations between BP responses to CPT and to dietary intervention into genetic and environment components in this study, we found that BP responses to CPT did not significantly share genetic factors with BP responses to low-sodium intervention. On the other hand, BP responses to the CPT had significant genetic correlation with BP responses to high-sodium and potassium-supplementation interventions. These results suggested that BP responses to CPT and to high-sodium and potassium-supplementation interventions are very likely to share some of the same underlying pathways and genetic determinants. For example, increased BP responses to CPT and to sodium intervention were related to heightened sympathetic nervous system activity, 33, 35 which may involve shared genes for BP regulation. Incomplete genetic pleiotropy of BP responses to CPT and to diet intervention suggested that there are unique gene sets from different pathways influencing BP responses to CPT and dietary intervention.
In summary, our study reported a significant genetic correlation between BP responses to highsodium and to low-sodium interventions as well as BP responses to high-sodium and to potassiumsupplementation interventions. In addition, our study found a significant genetic correlation between BP responses to CPT and to high-sodium as well as to potassium-supplementation interventions. These findings suggested shared genetic factors between BP responses to dietary sodium and potassium interventions and between dietary interventions and CPT and can help the search for genes underlying BP regulation. The exploitation of shared genetic effects can lead to a higher likelihood of mapping genes related to BP regulation and allow for distinguishing the effects of true pleiotropy from co-incident linkage. 36 Future studies are warranted to identify genetic variants which contribute to BP responses to dietary sodium and potassium interventions and CPT.
